Take-home message: Acute kidney injury (AKI) affects around 13 % of patients undergoing major abdominal surgery and on average its occurrence is associated with a 12-fold (95 % CI 6.8-23.4) crude risk of dying in the postoperative period. AKI is a common and important clinical signal of peri-operative harm and a potential target for measures to improve post-operative outcomes.
Introduction
with morbidity and mortality in a wide range of surgical settings [2] [3] [4] [5] . In addition, post-operative AKI has been associated with longer-term adverse events including the development of chronic kidney disease (CKD) and late mortality [6] [7] [8] ; even when there is apparent recovery of renal function at hospital discharge [4, 6, 9] . Post-operative AKI is therefore of particular interest as an important and measurable signal of perioperative harm and a potential target for intervention. However, lack of consistency in historical diagnostic criteria for AKI and heterogeneity in patient populations and operative procedures have been significant impediments to the synthesis of evidence on the incidence and importance of peri-operative AKI. Consequently, the incidence of AKI and its implications for post-operative health have not been well established in many surgical settings.
Over the last 10 years, the adoption of consensus definitions of AKI [10] [11] [12] has now allowed the publication of studies using standardised AKI-diagnostic methodology, enabling more meaningful pooled-analysis for this outcome. A number of meta-analyses employing consensus AKI definitions have been conducted in the setting of cardiac surgery [13] [14] [15] [16] [17] [18] . Major abdominal surgery has been associated with comparable rates of perioperative AKI to that after cardiac surgery [6, 19, 20] , but this has not been the subject of systematic review. We hypothesised that after major abdominal surgery AKI is a higher than expected post-operative complication and is associated with adverse peri-operative outcomes. Accordingly, we conducted a systematic review and meta-analysis of studies reporting the incidence and prognostic significance of AKI in patients undergoing major abdominal surgery. Our objectives were, primarily, to determine the proportion of patients who develop postoperative AKI amongst studies reporting AKI diagnosis using contemporary consensus criteria [10] [11] [12] and, secondarily, to explore associations between AKI and other adverse post-operative outcomes.
Methods

Design
Our clinical research question was to establish the incidence of AKI after major abdominal surgery defined by the creatinine criteria of any of the three, closely related, consensus AKI definitions: RIFLE (risk, injury failure, loss, end stage), AKIN (acute kidney injury network) or KDIGO (kidney disease improving global outcomes) [10] [11] [12] (Table S1) . A structured outline of our design using the PICO (population, intervention, comparator, outcome) acronym is provided in the supplementary appendix (Table S2) . Our study aims were registered with the PROSPERO register for systematic reviews CRD42015017109. We followed the PRSIMA recommendations for reporting of meta-analyses [21] . In order to examine a relatively homogenous collection of patients sharing surgery on the abdomen as a risk factor for AKI, we prospectively excluded studies examining groups which we deemed to have specific additional aetiologies for AKI beyond those of major abdominal surgery in general. These were, specifically: bariatric surgery (rhabdomyolysis), transplant surgery (nephrotoxic medications), abdominal aortic procedures (contrast, ischaemia and cholesterol emboli), urological surgery (obstruction and uro-sepsis) and cirrhotic patients (hepatorenal syndromes). Within our primary study population, we conducted subgroup analyses based on studies reporting AKI outcomes in specific abdominal surgical settings (hepato-biliary, colorectal, upper gastro-intestinal and major gynaecological), higher or lower risk patient populations and AKI consensus definitions. We hypothesised some surgical procedures, such as gynaecological surgery, and patient populations, such as those excluding pre-existing CKD, might be associated with a lower incidence of AKI, while use of the more sensitive AKIN or KDIGO definitions of AKI might be associated with a higher incidence of AKI.
Search strategy
We electronically searched the U.S. National Library of Medicine, Medline electronic reference database (PubMed), the Excerpta Medica database (EMBASE) and the Cochrane Library on 8 September 2015 for original articles published after 1 January, 2004 in peer-reviewed journals excluding conference proceedings and publications in abstract form only. As we aimed to include only articles reporting the incidence of AKI using a consensus definition designed and published in or after 2004 [12] , no publications prior to 2004 were examined. Our search strategy combined the following search terms mapped to the appropriate MeSH subject headings, exploded in the following Boolean expression: (AKI OR acute kidney injury OR acute renal failure) AND (incidence OR risk) AND (major surgery: operation OR surgery OR major surgery) (Fig. S1 ). In addition, we manually reviewed the bibliography of any full text articles we retrieved for additional potentially relevant citations. Our search was not limited by language of publication; however, while articles in other languages were examined in full text, the articles meeting criteria for inclusion in the final analysis were all in English. We included retrospective and cohort studies (including post hoc analyses derived from clinical trials), but excluded case studies, letters, abstracts and reviews. Where more than one publication reported data from the same patient group, we included the most comprehensive report.
Two authors (MO'C. and JP) independently and sequentially screened citations and abstracts from which potentially relevant manuscripts were retrieved and formally assessed for inclusion according to our inclusion and exclusion criteria. Any discrepancy between reviewers were independently assessed by a third party (CK) and resolved through consensus among all of the investigators. (Pooled incidence of AKI in these settings is compared against that in our primary population in a supplementary post hoc analysis).
Inclusion
Outcome measures of interest
The outcomes of interest were the incidence of post-operative AKI in patients who had undergone major abdominal surgery, their reported survival, frequency of adverse events, length of hospital stay and mortality.
Study quality
Two investigators (MOC and JP) independently conducted a methodological assessment and bias determination of each study before data extraction. The quality of the studies was assessed independently, using the Newcastle-Ottawa scale [22], a methodology assessment of the quality of nonrandomised studies for interpretation of meta-analytic results. Studies were allocated a maximum of 9 points judged on three broad perspectives: the selection of the study groups; the comparability of the groups; and the ascertainment of either the exposure or outcome of interest for case-control or cohort studies respectively. Studies were defined as poor (0-3), fair (4-6), or good (7-9) [23] .
Statistical analysis
Statistical analysis was performed using R (R Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org). Continuous variables are reported as median with interquartile range and compared using the Mann-Whitney-Wilcoxon test. Categorical variables were compared using Fisher's Exact test. All tests were 2-tailed and statistical significance was defined by a p value of\0.05. Meta-analysis was performed using the R packages meta, metafor and rmeta. To account for the presence of known or unknown heterogeneity between studies, a random effects model was employed for all meta-analyses. Meta-analysis was performed to determine the pooled proportion of AKI amongst all included studies and the relative risk of hospital or 30-day mortality in patients with AKI in studies reporting mortality outcomes. Heterogeneity was assessed using the I 2 index and the Q test. The I 2 index describes the percentage of total variation across studies due to true heterogeneity rather than chance, with a value of C75 % indicating mediumto-high heterogeneity.
Results
Our systematic search identified a total of 4287 titles from which a total of 19 articles describing AKI outcomes in 82,514 patients undergoing major abdominal surgery [6, 19, 20, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] were included in our analysis ( Fig. 1 ; Tables 1, S3) . Of the 19 studies analysed, 16 were retrospective cohort studies [6, 19, 20, 24, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] ], 2 were prospective cohort studies [26, 29] and 1 was an interrupted time series analysis [25] . Studies included documented the following surgical populations: mixed major abdominal (10 studies), hepato-biliary (6 studies), major gynaecological (2 studies), upper gastrointestinal (2 studies) and colorectal (1 study). One study [39] reported a group of patients undergoing general abdominal/GI surgery and a group undergoing gynaecological surgeryfor the purposes of our analysis these groups were treated as two separate studies. Details of other studies examined in full-text and reasons for exclusion are provided in the Supplementary Appendix (Table S4) . Using the Newcastle-Ottawa quality assessment scale, all 19 studies scored 7 apart from 1 which scored 9 (Table S5) .
In a random effects model, meta-analysis of proportion the pooled incidence of AKI amongst all studies was 13.4 % (95 % CI 10.9-16.4). In the ten studies where a breakdown of the stage of AKI was reported, 72 % of patients with AKI had Stage 1 or RIFLE-R, 17 % had Stage 2 or RIFLE-I and 11 % had Stage 3 or RIFLE-F (Table S6) . By comparison, rates of post-operative renal replacement therapy (RRT) were low, ranging from 0 to [20, 24, [30] [31] [32] [34] [35] [36] [37] [38] .
Incidence of AKI was not significantly different between subgroups broken down by AKI definition utilised, p = 0.62 (Table 2 ). Significant heterogeneity existed between studies overall, within those reporting mixed abdominal/gastro-intestinal surgery and between surgical sub-categories,while overall there was no significant difference in pooled AKI incidence demonstrable between these sub-groups (p = 0.08). By comparison, when we compared the 19 studies in our primary analysis with the 35 studies that were excluded as they involved specific additional surgery-related mechanisms for AKI (Table S7) , there were significant differences in the pooled incidence of AKI between surgical settings (p \ 0.0001). Specifically, the pooled AKI incidence was greater in open abdominal aortic surgery (24 %, 6 studies) and in liver transplant surgery (47 %, 24 studies).
Considering individual studies where risk factors for the development of AKI were examined, older patients were significantly more likely to develop AKI [6, 26, 29, [32] [33] [34] . In hepato-biliary surgery, pre-existing renal disease was identified as a risk factor for patients developing AKI post-operatively within individual studies [24, 29, 33, 35] . However, when we compared studies examining unselected patients with studies excluding pre-existing CKD but without additional patient selection (5 studies), there was no difference in the pooled incidence of AKI at 11.8 (8.8-15.6) versus 11.9 % (7.8-17.8) ( Table 2 ).
The five studies that reported rates of post-operative complications demonstrated a significantly higher rate of infective, cardiovascular, respiratory and pooled complications in patients who developed AKI post-operatively compared to patients that did not (Table S8) . Similarly, the seven studies that reported length of post-operative stay demonstrated a significant increase in length of hospital stay for those patients that developed AKI postoperatively (Table S9) .
Four studies [6, 31, 35, 36] reported a measure of renal function after AKI with rates of ''renal recovery'' ranging from 47 to 79 %. However, differing definitions of recovery and variation in timing of assessment, together with the potential for death as a competing outcome, precluded meaningful pooled analysis of rates of renal recovery. However, we did observe that the substantial number of patients who experienced AKI had ongoing renal dysfunction when this outcome was assessed after recovery from surgery.
Eight studies reported the short-term mortality of patients with and without AKI ( Table 3 ). In a random effects model, the pooled relative risk for hospital or 30-day mortality for patients with AKI compared to patients without AKI was 12.6 (95 % CI 6.8-23.4) (Fig. 2) . While there was significant heterogeneity in the magnitude of association, (range of relative risk 2.3-80.8), a large clinically and statistically significant increased risk of death in patients with AKI was observed in seven of the eight studies examined and a near-significant trend in the other, irrespective of variations in absolute rate of deaths or peri-operative AKI between individual studies (Table 3) . Similar association with AKI and risk of death was also seen in surgical settings with specific AKI mechanisms excluded from the primary analysis (Table S7 ). There was no significant difference in relative risk of death associated with use of the more sensitive AKIN and KDIGO criteria 10.6 (4.4-25.5) compared to that in studies where the RIFLE criteria were employed to diagnose AKI 17.0 (7.4-38.9), p = 0.45.
Discussion
In this systematic review, we report a 13.4 % pooled incidence of post-operative AKI following abdominal surgery. Despite focusing our analysis only on studies in the setting of abdominal surgery using consensus AKI definitions, there was considerable heterogeneity in the rate of AKI reported. However, even the lower confidence of our pooled estimate (10 %) represents a substantially higher occurrence of AKI than that reported when diagnostic coding, need for renal replacement therapy or larger elevations in serum creatinine have been used to define renal injury [40, 41] . The incidence of AKI following major abdominal surgery reported in this study was comparable to that reported after cardiac, [15, 42] major non-cardiac and general vascular surgery [43, 44] . In aortic and liver transplant studies that were excluded from our primary analysis on the basis of surgery-specific AKI mechanisms, AKI incidence was substantially greater (24 and 47 %, respectively), suggesting that the risk factors and associations of AKI in these settings need to be considered in isolation. Contrary to our expectation, the incidence of AKI did not significantly differ by consensus AKI definition, inclusion or exclusion of pre-existing CKD or surgical category within our primary analysis, indicating that these factors cannot solely explain the observed heterogeneity in the incidence of AKI amongst this group of studies. We found a 12.6-fold relative risk of death in patients who developed AKI after major abdominal surgery. Again, while there was significant heterogeneity and wide confidence limits in the pooled estimate of the relative risk, there was a consistent association between AKI and short-term risk of death across all studies reporting this outcome in a range of abdominal surgical settings, despite varying baseline mortality and incidence of AKI. Importantly, this strong association was seen in patients diagnosed using sensitive modern definitions of AKI where the majority of AKI cases would have experienced relatively small increases in serum creatinine, 72 % of AKI cases having maximal AKI stage of 1 or R in the 10 studies reporting AKI severity. Finally, in line with the increased mortality associated with AKI, studies included in our analysis also reported an association between postoperative AKI and development of other post-operative complications [33] [34] [35] [36] 38] and an increased length of stay [20, 27, 31-33, 35, 38] . To our knowledge, this is the first systematic examination of reports that assess the incidence of AKI after major abdominal surgery using consensus definitions of AKI. By limiting our search strategy and focusing only on patients having surgery on the abdomen without specific risk factors for AKI, we were able to generate a more valid and generalisable-pooled estimate for the incidence of AKI and relative risk of death in those patients who developed AKI. All included studies were assessed as being of high methodological quality for diagnosis of AKI. This was a natural consequence of our inclusion criteria restricting our analysis to studies in well-characterised surgical settings using well-defined methodology to define the new occurrence of AKI after surgery. Despite these steps, our analysis did show significant heterogeneity in the incidence of AKI and the strength of its association with adverse outcomes, presumably reflecting the differing exact surgical settings and baseline patient characteristics between individual studies. In addition, while AKI diagnostic criteria are well defined, criteria for definition of 'major' surgery are not well established, and when mixed groups of surgeries were considered, we were largely reliant on individual studies describing included surgical procedures as 'major', which may account for some of the heterogeneity observed. Finally, as our secondary outcomes and sub-group analyses were not described in a pre-published statistical analysis plan, any conclusions from these analyses can only be regarded as exploratory findings. Overall, while one can question the value and accuracy of incidence and associated risk estimates from a very heterogeneous group of studies, we believe that important conclusions can still be made. Across a wide range of abdominal surgical categories and patient background, AKI was a relatively common complication after major abdominal surgery and did consistently correlate with increased risk of other adverse outcomes including death, emphasising the potential importance of AKI as an outcome measure. Importantly, this review does not address whether the development of post-operative AKI directly influences the risk of adverse outcomes or merely identifies patients with a more severe peri-operative injury and/or lesser physiological reserve to withstand the stress of surgery. Undoubtedly, AKI will be associated with other major risk factors such as baseline co-morbidities and age, which, without individual patient data, we are unable to account for in a meta-analysis. Some reports have adjusted for multiple confounding factors to attempt to appreciate the direct influence of AKI on other outcomes: Grams et al. [37] recently reported an adjusted incidence rate ratio of 6.4 for hospital mortality associated with AKI in 44,597 patients undergoing major general abdominal surgery, supporting a strong prognostic significance for AKI independent of other routinely assessed clinical and demographic factors.
A particularly important confounder to the assessment of the relationship between AKI and peri-operative outcomes is the presence of pre-existing chronic kidney disease, which is both a strong independent risk factor for development of new AKI in the general population [45] and in non-cardiac surgery [40] , and strongly associated with post-operative mortality, generally [46] and after abdominal surgery [47] . Dissecting the relative contributions of intrinsically entwined conditions such as AKI and CKD may be impossible even with much more detailed information than that available to a meta-analysis. However, from the point of view of identification of the patient at risk, we believe the uncertain causative role of AKI in its association with adverse post-operative outcomes need not detract from its potential importance as a strong clinical signal of harm after major abdominal surgery.
Conclusion
AKI is a common complication after abdominal surgery and is associated with an increased risk of further nonrenal post-operative complications, prolonged hospital stay and mortality. This analysis highlights the importance of AKI after abdominal surgery as a signal of perioperative harm and suggests it may provide a trigger for intervention to improve post-operative outcomes. 
